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I. INTRODUCTION
Scaling metal-oxide-semiconductor ͑MOS͒ devices to sub-30-nm gate lengths is a complex challenge, given the increased difficulty of controlling short channel effects ͑SCEs͒ and off-state leakage. In this regard, multigate MOS devices such as FinFETs have proven to be a promising approach. [1] [2] [3] However, as the width of this device can be approximated as the sum of the side and the top surface dimensions, optimization of the side surface ͑sidewall͒ doping can add an extra degree of freedom for an improved FinFET performance. A conformal deposition and indiffusion methodology may produce equal doping on top and side surfaces, and techniques such as vapor phase doping and chemical vapor deposition could be advantageous in this regard. However, ion implantation remains a strong candidate as the means to introduce dopants into the fin, as it is an established and conventional technique. One disadvantage is the angle restriction to avoid shadowing during implant of dense structures. The fin height to spacing ratio and the resist height determine the maximum implant angle so that the ion beam hits the foot of each fin. Failure to do so leads to an increase in access resistance and, consequently, to a loss in drive current. In this work, we evaluate the key ion implantation parameters that affect FinFET sidewall doping retention. Note that the device structure under investigation is the fully depleted FinFET that has an undoped channel and doping performed self-aligned to the gate electrode.
Due to the three dimensional ͑3D͒ nature of the FinFET, major challenges arise for junction characterization. Two orientations exist, and while they are not entirely independent, the top surface doping profile may differ significantly from that on the side. Thus, characterization of the sidewall doping becomes a pressing issue. Accessing the sidewall is a difficult task, and some recent work has done so through cross-sectioning the fin. 4 Here, we mimic the FinFET sidewall system by implanting at various tilt angles on bulk silicon wafers, in order to facilitate secondary ion mass spectroscopy ͑SIMS͒ analysis with a fast turnaround time. Experiments were compared to simulations for further analysis and interpretation of the results.
II. EXPERIMENT
Samples from ͑100͒ wafers were placed on mounting faces with different angles, namely, 5°, 30°, 60°, 70°, or 80°, and a single implant was performed. No dose correction was applied; i.e., the maximum dose retention possible in this case was cos͑tilt angle͒. Boron, phosphorus, arsenic, and antimony were implanted to a dose of 1 ϫ 10 15 cm −2 with energies of 2, 4, 5, and 6 keV, respectively, so all profiles had the same projected range ͑R P ͒. In this way, we determine if dose retention is correlated with impurity species mass, for a fixed R P . Arsenic was further implanted to a dose of 1 Figure 1 shows SIMS profiles for arsenic 1 ϫ 10 15 cm −2 5 keV implants with different tilt angles. Clearly, the incident angle has a significant impact on the implanted profile in terms of retained dose and depth. In this case, the retained doses are 82%, 59%, and 5.0% of the specified dose for 30°, 60°, and 80°, respectively. The profiles after a 1050°C RTA are shown in Fig. 2 . The depths at a concentration level of 5 ϫ 10 18 cm −3 are 37, 29, 16, and 9 nm. The diffusion of arsenic in these conditions is largely driven by high concentration effects; 5, 6 thus, more retained dose means more diffusion. Careful optimization is therefore necessary to avoid short channel effect control degradation. Figure 3 shows SIMS profiles for antimony 1 ϫ 10 15 cm −2 6 keV implants with tilt angles of 5°, 60°, 70°, and 80°. Again, higher tilt angles mean less dose incorporated and a shallower profile. The retained doses are 50%, 28%, and 8.6% of the specified dose for 60°, 70°, and 80°, respectively. Figure 4 shows SIMS profiles for phosphorus 1 ϫ 10 15 cm −2 4 keV implants with tilt angles of 5°, 60°, 70°, and 80°. The retained doses are 43%, 24%, and 7.6% of the specified dose for 60°, 70°, and 80°, respectively. Figure 5 shows SIMS profiles for boron 1 ϫ 10 15 cm −2 2 keV implants with tilt angles of 5°, 60°, 70°, and 80°. The retained doses are 31%, 15%, and 4.9% of the specified dose for 60°, 70°, and 80°, respectively. In Fig. 6 is an overlay of the SIMS profiles with 5°tilt implantation and with 80°tilt implantation in the inset. This overlay highlights the effect of ion mass on the implanted distribution for a fixed R P . The heavier antimony ion produces a relatively well-confined profile. The light boron ion produces a relatively diffuse spread-out profile. This is clear in the 5°tilt profiles, less obvious in the 80°tilt profiles as the retained dose is lower. In summary, longitudinal straggle during ion implant depends on ion mass.
III. RESULTS
For arsenic implanted with different energies between 3 and 7 keV, unfortunately, we did not observe a clear trend in FIG. 1. SIMS profiles for arsenic 1 ϫ 10 15 cm −2 5 keV implants with tilt angles of 5°, 30°, 60°, and 80°. Higher tilt angles mean less dose incorporated and a shallower profile. The retained doses are 82%, 59%, and 5.0% of the specified dose for 30°, 60°, and 80°, respectively. Fig. 1 after a 1050°C RTA. The depths at a concentration level of 5 ϫ 10 18 cm −3 are 37, 29, 16, and 9 nm for the implant tilt angles of 5°, 30°, 60°, and 80°, respectively.
FIG. 2. SIMS profiles for arsenic implants shown in

FIG. 3. SIMS profiles for antimony 1 ϫ 10
15 cm −2 6 keV implants with tilt angles of 5°, 60°, 70°, and 80°. Higher tilt angles mean less dose incorporated and a shallower profile. The retained doses are 50%, 28%, and 8.6% of the specified dose for 60°, 70°, and 80°, respectively. dose retention. It is possible that dose retention is correlated with R P but that we did not investigate a wide enough range of implant energies in this experiment.
IV. DISCUSSION
A. SRIM simulations
Dose retention on the sidewalls is most sensitive to the incident implant angle. This is reinforced by the summary graph in Fig. 7 , where retained dose is plotted versus incident tilt angle. As the angle is increased, less dose is retained. Comparing different impurities for fixed R P , the heavier elements are better. Boron constantly has the lowest retained dose. The physical explanation for this trend was explored with the aid of the simulation program SRIM ͑the stopping and range of ions in matter͒. 7 In SRIM, we specified calculations of full damage cascades, as well as surface sputtering of the target material. Note that the aim here was to extract trends, so we did not alter the ion distributions to account for the sputtering of the target material. Backscattering causes ion loss from the target material and can account for some of the discrepancy between theory and experiment. In the top half of 6 keV antimony and 2 keV boron implants. Straggling is more prominent for the lighter boron, and it is more likely that those ions will deflect back to the surface and thus escape.
The retention of dose on FinFET sidewalls is determined by ͑i͒ trigonometry of the implant angle in the 3D fin system, ͑ii͒ backscattering, and ͑iii͒ material properties of the target surface. This is represented in Fig. 8 , where a normalized dose at 70°incidence is plotted versus an atomic mass of the implanted impurities. cos͑70°͒ is 0.34, and thus without dose correction during implant, trigonometry limits the maximum dose retention to 34%. All the experimental data are below this value, boron only having 15% and antimony only 28% dose retention. With backscattering included in SRIM, the ion mass dependency of dose retention is reproduced qualitatively, if not quantitatively. Surface sputtering and the material properties of the surface could be used as a fitting parameter to further match the experimental data. The target surface will not be perfectly planar and will roughen due to the bombardment of the incident ions during implantation. These effects were not included in our simulations, as we did not attempt a calibration exercise. In a FinFET structure, additional nonuniformities may be present due to the etch of the 3D fin structure. Note that an accurate experimental impurity concentration quantification at the surface is not easy and may introduce another degree of uncertainty.
B. Device simulations
3D device simulations were undertaken to gain insight into the impact of sidewall doping concentration in FinFET device performance. User-specified fully depleted n-type MOS devices were defined in SENTAURUS DEVICE ͑Ref. 8͒ with a 60 nm fin height, 10 nm fin width, 30 nm gate length, and 2.1 nm electrical oxide thickness. With an aspect ratio of 6, some conclusions for this device structure may be different from those of a FinFET with an aspect ratio closer to 1. The channel was undoped. The work function of the gate electrode was altered to counteract off-state current ͑I off ͒ changes with doping profile variation. In this case, I off is fixed at 10 pA/ m. The supply voltage is 1 V. Gaussian doping profiles for extension regions had a fixed abruptness, variable peak active concentration, and, consequently, gatejunction overlap. The top and side surface doping profiles were varied independently to look at the trends and tradeoffs in drive current and SCE control. Figure 9 shows simulated SCE control in the form of drain induced barrier lowering ͑DIBL͒ plotted as a function of sidewall surface concentration and of the top/side surface concentration ratio. A top/side ratio of 1 means conformal doping. For example, where the sidewall surface doping concentration is 1 ϫ 10 19 cm −3 and the top/side ratio is 20, then the top surface doping concentration is 2 ϫ 10 20 cm −3 . In this plot, it is clear that SCE control is a strong function of sidewall concentration ͑and thus of side gate-junction overlap͒ and is only weakly dependent on the top/side ratio. Figure 10 shows the drive current dependency on top and sidewall doping profiles. Again, the device performance is more sensitive to sidewall concentration than top/side ratio. For all top/side concentration ratios, there is an optimum point at 5 ϫ 10 19 cm −3 . On the low side of this optimum, drive is limited by the source and drain resistances. Note that in this regime the drive can be optimized by increasing the top junction concentration as much as possible. On the high side of the optimum point, drive is limited by the degraded SCE control. For a fixed I off , a worse subthreshold slope means a lower drive in on-state. Note that in this regime the drive can be optimized by making the doping as conformal as possible, i.e., the opposite trend to the low side of the optimum. Figure 11 combines the results of Figs. 9 and 10, as drive current is plotted versus DIBL. The points from the different top/side ratios fall on the same trend line. Thus, the optimum point does not depend on conformality.
Manufacturability of these simulated devices is an important consideration, as active doping levels ϳ10 21 cm −3 may be difficult to achieve due to solubility and impurity activation limitations. With the optimum sidewall surface concentration at 5 ϫ 10 19 cm −3 and conventional RTA able to achieve active concentrations up to ϳ2 ϫ 10 20 cm −3 , then top/side ratios of 1-4 are realistic. A higher than equilibrium solubility is achievable using alternative annealing techniques. 9 We then used the arsenic SIMS profiles after RTA of Fig.  2 to define donor profiles in the 3D simulations. There were two simulated structures, namely, ͑A͒ with the 5°/80°SIMS profiles for top/side surfaces and ͑B͒ with the 30°/60°SIMS profiles for top/side surfaces. The top surface got twice the SIMS dose to reproduce an implant scheme whereby half the total dose is implanted from both sides of the fin, namely, a two-quad implant. Thus, the top/side dose ratios were 37 for ͑A͒ and 2.8 for ͑B͒, while the side surface peak active concentrations were ϳ2 ϫ 10 20 cm −3 for ͑A͒ and ϳ5 ϫ 10 20 cm −3 for ͑B͒. Simulation structure ͑A͒ was better than ͑B͒ in terms of simulated SCE control and drive at fixed I off . This is not surprising when you consider that the SCE control is more quickly degraded with increased sidewall peak concentration than with increased top/side ratio ͑Fig. 9͒ and that the drive at fixed I off drops off for increasing sidewall peak concentration Ͼ2 ϫ 10 20 cm −3 ͑Fig. 10͒. In conclusion, the simulated structure with less doping conformality resulting from a higher ion beam angle of incidence on sidewalls produced better electrical performance. From a FinFET integration point of view, this is a very encouraging result, as shadowing effects are likely to limit the maximum implant tilt to Ͻ20°and thus Ͼ70°on sidewalls.
V. CONCLUSIONS
We investigated dose retention in FinFET sidewalls as a function of ion implantation variables. Dose retention is strongly dependent on the ion beam angle of incidence and thus on the implant tilt angle. Due to possible shadowing effects, the angle of incidence on sidewalls may be in the 70°-80°range. We quantified retention for common dopant impurities and determined that there is a correlation between retained dose and ion mass, with heavier elements more likely to be incorporated. In the 70°-80°angle of incidence range, dose retentions of 5%-15% and 9%-28% were extracted for boron and antimony implants, respectively. Differences in retained doses will lead to variations in diffusion, as most common impurities experience concentration-enhanced diffusion during RTA, and thus will affect the profile overlap with the gate. This outcome was investigated by means of 3D device simulation, and it was shown for fully depleted FinFETs ͑60 nm high, 10 nm wide͒ that drive current and SCE control are more sensitive to dose retention on sidewalls than on dopant conformality. When the sidewall peak concentration is Ͻ10 20 cm −3 , conformality is not a benefit for drive current optimization.
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